The mathematical model developed for simulating hydrobiological processes in a lake takes into account the diurnal variability of the heat fluxes and wind stress on the 
Introduction
A thermal bar exists in temperate lakes in spring and autumn. This phenomenon represents a narrow area where maximum density waters sink from the surface to the bottom. The thermal bar has a drastic effect on the lake's ecosystem, as it divides the body of water into zones with different temperature and hydrobiological conditions and provides a barrier to horizontal water exchange. Also it is known that the local maximum of plankton biomass is concentrated in the region of the thermal bar [1, 2] .
Modeling dynamics of plankton ecology during the thermal bar events setting the constant heat flux on the water surface was implemented for Lake Baikal [3] and Lake Kamloops [4] . However, numerical study of the changes of plankton populations in the vicinity of the thermal bar is seriously limited by a lack of spatially and temporally highresolution field observations [5] . Information obtained by simulations is of substantive importance for the purpose of determining the factors influencing the plankton growth, since plankton are an indicator of water quality and source of food to many fish species.
RFYS
Currents in lakes are produced by water and atmosphere interactions. Heat transfer between the lake and the atmosphere arises through the radiative (short-and longwave radiation) and turbulent (latent and sensible heat) fluxes [6] . Shortwave radiation comes from the sun (wavelength 0.1-4 m), and longwave radiation is emitted by the atmosphere and water surface (wavelength 4-120 m). The latent heat flux is associated with evaporation or condensation of moisture; the sensible heat flux is generated by the temperature differences between water and near-surface air.
Heat fluxes play an important role in the formation of the thermal bar in the springsummer period because they contribute to the warming of lake surface layers up to the temperature of maximum density, close to 4 ∘ C. Usually, for thermal bar simulating a constant heat flux is set on the lake free surface corresponding to the monthly mean value of the solar radiation [4, 7] .
This study aims to simulate of hydrobiological processes based on the nutrientphytoplankton-zooplankton-detritus model of Parker [8] during the spring riverine thermal bar in Kamloops Lake, using the non-hydrostatic model that considers daily variation of the atmospheric factors, including the wind effects, and real morphometric and hydrochemical conditions.
Mathematical model and numerical method
The non-hydrostatic mathematical model consists of the thermohydrodynamic (subsection 2.1) and hydrobiological (subsection 2.2) submodels with initial and boundary conditions (subsections 2.3 and 2.4). The equations of the model are solved numerically (subsection 2.5).
Equations of the thermohydrodynamic submodel
The thermohydrodynamic submodel includes momentum, continuity, and energy equations and an equation of salinity balance in the lake [9] :
where u, v are the horizontal velocity components; w is the vertical velocity component; Ω , Ω and Ω are the vector components of the angular velocity of Earth's rotation; K (D )and K (D ) are the eddy viscosity (diffusivity) coefficients in the horizontal and vertical directions, respectively; g is the acceleration of gravity; c is the specific heat capacity; T is the temperature; S is the salinity; p is the pressure; and ρ 0 is the water density at standard atmospheric pressure, temperature T and salinity S (T and S are a reference temperature and salinity of the lake, respectively). Wilcox's twoparameter k-ω turbulence model [10] consisting of equations for kinetic energy and turbulent fluctuation frequency and algebraic relations to find eddy diffusivity [11] are used to close the set of equations (1)- (6) . The Chen-Millero equation [12] connecting water density with temperature, salinity, and pressure and valid within the range of 0
, 0 ≤ p≤ 180 bar was taken as the state equation.
Equations of the hydrobiological submodel
The transport of plankton components is described by the convection-diffusion equa-
where Ψ is the concentration of the biological component (nutrient, phytoplankton, zooplankton, and detritus) and S Ψ is its source term representing the result of interaction with other components. Numerical modeling of hydro-biological processes is carried out by the nutrient (N)-phytoplankton (P)-zooplankton (Z)-detritus (D) model of Parker [8] . The computation formulas defining the value of each source term are presented in table 1.
G represents the phytoplankton primary production rate and is calculated as:
The light at depths of L is determined by the exponential dependence taking into account self-shading by plankton and detritus in the water column between the surface (z=L ) and the depth (z=d):
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Source term Computation formula
According to Sverdrup [13] , the photosynthetically active radiation is 20% of the total solar energy (see subsection 2.4). On that basis, the daily insolation on the lake surface is defined.
The phytoplankton death rate and the thermal limitation factor are calculated
, respectively.
Parameters occurring in the plankton model are listed in table 2 [4] . 
Initial and boundary conditions
Initial conditions for equations (1)- (6) Boundary conditions for equations (1)- (6) are as follows:
• at the free surface 
Numerical method
The numerical solution of the problem is based on the finite volume method according to which scalar values (concentrations of the nutrient, phytoplankton, zooplankton, and detritus; water temperature, salinity, and pressure; and turbulent diffusion coefficients) are determined in the center of the grid cell while wind velocity components are in the middle points at the cell boundaries. In order to approximate the computational domain to the lake's actual topography, the fictitious domain method is used:
the velocity components in a dead zone are set to zero by using large values of the viscosity coefficients in this zone [17] .
The numerical algorithm for finding the flow and temperature fields is based on a Crank-Nicolson difference scheme. The convective terms in the equations are approximated with a second-order upstream scheme, QUICK [18] . To correlate the calculated velocity and pressure fields, a procedure for buoyant flows, SIMPLED (Semi-Implicit
Method for Pressure Linked Equations with Density correction) [9] , which is a modification of Patankar's method SIMPLE [17] , has been developed. SIMPLED corrects velocity and pressure fields by accounting for the variation in density in the gravitational term in equation (3) . The systems of grid equations at each time step are solved by the under-relaxation method.
Research area and computation conditions
The study area is Kamloops Lake, located in Southwestern Canada, British Columbia, 
Results and discussion
The data on the air temperature, relative humidity, atmospheric pressure, cloudiness [19] , wind speed and wind direction ( The maximum density temperature contour demonstrates the velocity of the thermal bar propagation at the lake surface. Numerical modeling has discovered that wind has a significant effect on the distribution of phytoplankton and zooplankton biomasses (Figure 7) . At the presence of wind stress on the water surface, the gradients of plankton concentrations are weak 
Conclusions
Mathematical modeling of plankton dynamics during the thermal bar events based on the model of Parker considering the self-shading and temperature dependence factors has demonstrated that the diurnal variability of the meteorological parameters has a significant impact on plankton populations. It has been numerically established that the variable heat flux gives higher values for concentrations of phytoplankton during daylight hours. In addition, wind initiates mixing of near-surface waters, which has a negative effect on the growth of phytoplankton and assists in transport of zooplankton from the river mouth.
